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Abstract, High spatial resolution column atmospheric water vapor amounts and equivalent liquid water
thicknesses of surface targets arc retrieved from spectral data collected by the Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS). The retricvals are made using a nonlinear least squages curve fitting technique. Two casc
studies from AVIRIS data acquired over Denver-Platteville arca, Colorado and over Death Valley, California are
prescnted. The column water vapor values derived from AVIRIS data over the Denver-Platicville area are comparcd
with those oblained from radiosondes, ground level upward-looking microwave radiometers, and geostationary
satellite measurements. The column water vapor image shows spatial variation paticrns related to the passage of a
weather front system. The column water vapor amounts derived from AVIRIS data over Death Valley decrease with
increasing surface clevation. The derived liquid water image clearly shows surface drainage patiems.

1. Introduction

Water vapor is onc of the most important atmospheric gases. The integrated water vapor content from ground
1o space has important applications to meteorology, hydrology, climate, and radio interferometry, In this paper, the
integrated water vapor content is referred (o as column water vapor amount or as precipitable water vapor (PWV).
The liquid water content of vegetation is related to the stress conditions of vegetation. Remote sensing of liquid
wates content of vegetation has important applications to forestry and agriculiure, The soil moisture content is
important to agriculture, forestry, hydrology, and engineering geology.

Satellite remote sensing of PWV with an accuracy of approximately 10% over the occans using microwave
emission measurements is a proven technique (Alishouse, 1983). However, the variability of land surface
microwave emissivities poses difficulties in determining PWV over land from salellite microwave data. Column
water vapor retrievals over land from satellite IR emission measurements using, for example, the split window
technique (Chesters et al., 1983) arc possible during clear conditions.

Recently, there have been several reportoed successes in remote sensing of column atmospheric water vapor
amounts {rom aircraft measurements of solar radiation reflected by the land surface near 1 um (Gao and Goetz, 1990;
Concl et al., 1989; Frouin et al., 1990). Thesc remote sensing techniques are referred to as optical techniques. Gao
and Goetz (1990) have also reported the derivation of moisture content of vegetation using liquid water absorption
featurcs ncar 1 pm,

Column water vapor amounts can be obtained from the ground with upward-looking microwave radiometers
(Hogg ct al,, 1983). The Wave Propagation Laboratory (WPL) of the National Oceanic and Atmospheric
Administration (NOAA) operates a limited network of dual-channel microwave radiometers (Westwater and Snider,
1989). Radiomelers are now routincly operated at Staplcton Intemational Airport in Denver, Colorado and at
Plaueville, Colorado (approximately 60 km north of Denver). In order to verify the optical techniques, an
experiment was designed. Specifically, the Aitborne Visible/Infrared Imaging Spectrometer (AVIRIS) (Vanc, 1987)
was requested 1o make measurements over the Denver-Platteville arca. Column water vapor amounts werc {0 be
reirieved from AVIRIS data and then compared with column water vapor amounts measured with (he two microwave
radiomeltcrs mentioned above. The AVIRIS made the measurcments around 19:40 UTC 22 March 1990, At this
ume, the sky was clear. However, snow staried later in the day. The AVIRIS measurements happened (o be
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" conducted in the middle of another experimental project, the Winter Icing and Storm Project (WISP90) (Stankov ¢t
al., 1990) conducted by NOAA Forecast Systems Laboratory (FSL) for determining the utility of unattended
microwave radiomelcers in detecting, and providing input 1o forecasts of aircraft icing. WISP90 collected data from
microwave radiometcrs, infrared radiometess, lidar ceilometers, radio-acoustic sounding systems (RASS), and
radiosondes at several locations in Colorado. Also, meteorological parameters were collected from approximately 20
surface stations in Colorado. Meanwhile, data from the Visible Infrared Spin Scan Radiometer (VISSR)
Aumospheric Sounder (VAS) on the NOAA Geostational Operational Environmenial Satellitc (GOES) were
colleeted and archived by NOAA FSL's Program for Regional Observing and Forescasting Scrvices (PROFES). The
WISP90 data provided information on the meteorotogical conditions around the AVIRIS measurements and aliowed
betier interpretation of the AVIRIS and the microwave radiometers data. In this paper, the walter vapor
measurements with AVIRIS, microwave radiometers, and VAS arc compared.

AVIRIS measurements over Death Valley, California were obtained on September 29, 1989 as part of the
Geologic Remote Sensing Field Experiment (GRSFE). At the time of the overflight, some surface areas were wet,
bascd on field observations, Mcasurements of reflectance spectra of samples collected from the field clearly showed
liquid water absorption {eatures near 0.98, 1.2, 1.6, and 2.2 um. Because of the presence of wet surface arcas when
the AVIRIS measurements were made, we decided to further test the ability of the algorithm (Gao and Goctz, 1990)
for simultancous retrievals of the atmosphcric water vapor amount and the surface liquid water conient from the
AVIRIS data. The results are described in this paper,

II. Imaging Spectrometers: the Optical Technique

Imaging spectrometers acquire images in hundreds of contiguous spectral bands such that for each picture
clement (pixel) a complete reflectance or emittance spectrum can be derived from the wavelength region covered
(Gociz et al., 1985), AVIRIS is now an operational imaging spectrometer. This instrument images the Earth's
surface in 224 spoctral bands, cach approximately 10 nm wide, covering the region 0.4-2.5 pm, from an ER-2

aircraft at an altitude of 20 km. The ground instantaneous field of view is 20 x 20 m2.

A wechnique for simultancous retricvals of aumospheric water vapor amount and surface liquid water content
has been described by Gao and Goetz (1990). In this technique, the quantitative retrieval is made by curve fitting
AVIRIS spectra with calculaled spectra near 1 pm using atmospheric and liquid water transmission models, and a
nonlinear least squares fitting technique. Figure 1 shows an example of spectral curve fitting for retrieving water
vapor amount only, During the fitting process, the water vapor amount and the spectral background, a lincar
function of wavelength, are allowed to vary. The best estimates of the water vapor amount and the speciral
background are obtained when (he sum of the squared differences between the observed and the calculated spectra is
minimized. Examples of fitting AVIRIS spectra over wet areas for simultaneous retrievals of atmospheric water
vapor and surfacc liquid water content are presented later in this paper. Our technique is applicable for retrievals from
AVIRIS data obtained on clear days with visibilities 20 km or greater. Because atmospheric scaltering is not
modeled directly, the technique is not applicable for retrievals from AVIRIS data mcasured on hazy days. Under
these circumstances, the scaltering effect must be modeled,

II1. Results

Column water vapor amounts arc retricved from AVIRIS data measured over the Denver-Platieville area, and
both column water vapor amounts and surface liquid water thicknesses are retricved from AVIRIS data measured
over Death Valley using the spectrat curve fitting technique.

A. Denver-Platteville, Colorado

Figure 2a shows a 0.86 pm image of the Denver-Platteville arca. The AVIRIS radiances were averaged
spatially on & 2 x 2 pixel basis when the imape was produced, The spatial averaging was necessary because of the
limitation of our image processing hardware, The Deaver Stapleton International Airport is at the lower left part of
the image; Platteville is at the upper part, Highway 85, which connects Denver and Platteville, is scen as a curved

line. The image covers a surface area of approximately 11 x 68 _kmz.
Column waler vapor amounts were retrieved by curve fitting the 0.94-um water vapor band. The AVIRIS data

were averaged spatially on a 4 x 4 pixel basis to deceease the computer time. The rtricval took approximately 25
hours on a Microvax Il computer. Low vertical resolution temperature, pressure, and waler vapor volume mixing
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ratio profiles, mecasured near the airport by a six-channel microwave mdiometer, were used in the specural
calculations during the curve fitting process. Figure 2b shows an image processed from the retrieved column water
vapor values. To produce a water vapor image having the same size as the image in Fig. 2a, the retricved water
vapor values were zoomed spatially on a 2 x 2 pixel basis, The narrow vertical bar on the right side of Fig. 2b
gives the scale of waler vapor values from 0.53 cm (black) to 0.76 cm (whitc), 8 very small range. The column
water vapor values in the cnlire scene had a mean of 0.640 cm and a standard deviation of 0.044 cm. Horizontal
lines in Fig. 2b are duc to small errors in the AVIRIS rediometric calibration. Larger scale features are also obvious
in Fig. 2b. From the airport (o Platteville, the image shows a dark-bright-dark-bright pattern.

A topographic map of the AVIRIS scene is shown in Fig. 2¢. Generally, the surface elevation decreases from
the airport arca (~1630 m) to Platieville (~1450 m). Small variations of surface elevation in the cast-west dicection
are also present. Column water vapor amount usually decreases as the surface elevation increases, because
atmospheric waler vapor concentration decreases rapidly with altitude. Therefore, the column water vapor amount
from the airport to Plattcville was expected o increase. The dark-bright-dark-bright patiem from bottom to top in
Fig. 2b indicates that real spatial variation, not related to the topographic effects, of water vapor distributions
existed when the AVIRIS data were acquired. The obscrved spatial variation of column water vapor amount on the
order of 0.1 cm or less indicates’the high precision with which column water vapor amounts can be determined from
AVIRIS data.

Precipitable water vapor fields, at a grid spacing of approximaiely 10 km, over the Rocky Mountain foothills
extending roughly 300 km in both the east-west and the north-south dicections were obtained from VAS data using
a regression technique described by Bickenheuer (1991). Bias existed between PWV values obtained from the VAS
data alone and the "true” PWV values. In order to remove the bias, PWV values obtained from VAS data alone werc
raised or lowered by a constant based on PWV values measured with microwave radiometers at the airport and at
Platieville. The resulting bias corrected PWYV field at 18:45 UTC 22 March (approximately onc hour before the
AVIRIS mcasurements) revcaled a gradient structure in the Denver-Platleville area, which is similar to the gradicnt
structure in Fig. 2b.

Figurc 3 shows time scries of PWV at (a) Platteville, (b) Denver, and (c) Elbert on 22-23 March 1990. Efbert
is located approximatcly 60 km southeast of Denver. The continuous curves show 2-min time serics from
microwave radiometers. The rectangles arc from the Cross-chain Loran-C Atmospheric Sounding Systcm (CLASS)
radiosondes. The squares arc from the National Weather Service (NWS) radiosondes. The dark circles are from the
VAS adjusted images, and the open circles from the AVIRIS measurements. The PWV values from AVIRIS and .

from the microwave radiometer measurcments agreed to within 0.1 cm, but the relative difference is greater than
10%.

Because the PWYV values from the microwave radiomeler at Eibert were not used in the bias corrections
discussed above, comparing PWV values from the VAS data with bias correclions to those from the Elbert
microwave radiometer measurcments is a blind test of the VAS PWV analysis technique. Fig. 3¢ shows that the
VAS PWYV analysis reported a consistently higher level of PWV over Elbert. A possible explanation for the
discrepancy is presented below. The ground instantancous ficld of vicw of VAS data is approximately 10 kin. This
large field of view would tend 1o blend the lower moisture level at the higher clevation terrain, where the microwave
radiometer was located, with the higher moisture levels at adjacent lower clevation terrains, effectively raising the
analyzed amount of PWV in a region like that of Elbert, -

Fig. 3b shows that a PWV difference of 3 mm existed between the radiometer and the radiosonde data at 2300
UTC. This dilference was duc to the NWS balloon moving into a region of dry air, and did not reflect the build-up
of moisture that was obscrved during this time by all three microwave radiometers. That a build-up was occurring
was also supportcd by the two special CLASS radiosondes released at Elbert at 0000 and 0300 UTC 23 March. This
increase in moisture was followed by a well-documented event of supercooled liquid water that lasted for three days
(Stankov ct al., 1990). The conclusion of the NWS balloon moving into a dry air region was based on the analyscs
(Gao ct al,, 1991) of wind profiles measured at the airport and of mcetcorological data from approximately 20 surface
stations located in differcnt parts of Colorado.
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. B. Death Valley, California

Death Valley is located in the southeastern part of California, near the Nevada border. AVIRIS data over the
area were collected on Scptember 29, 1989 during the Geologic Remole Sensing Ficld Experiment (GRSFE).
Figure 4a shows an AVIRIS image (0.68 pum) of the site. The valley floor is located between the Trail Canyon
alluvial fan (upper left comer) and the hills of Artists Drive (right side). One road in the upper part of the image
traverses the valley floor. Another road located on the right portion of the image is nearly parallel to the valley
floor. There arc a nuraber of geologic units within the AVIRIS scene (Hunt and Mabey, 1966). The valley floor
consists of playa and salt units mixed with clay. The bright whitc areas are mostly pure salts, Fig. 4b shows a
lopographic map of the scene. The upper left corner of the image has an elevation of approximately 60 m., The
highest portion of the Artists Drive hills has an elevation of approximatcly 240 m. The valley floor is very flat and
below sea level, with elevations between approximately -85 and -73 m. The central portion of the valley floor is
slightly lower in elevation than the western and the eastern portions of the valley floor. Also, the southern portion
of the valley floor is slightly lower than the northern portion of the valley floor.-

At the time of the AVIRIS overflight, some surface areas were wel. Reflectance spectra of samples collected
from the field were made with the Geophysical and Environmental Research (GER) portable spectrometer. Curve |
of Figure 5 shows a reflectance spectrum of a field sample collecied over a wet spot within the bright while area in
the upper part of Fig. 4a. The liquid water features near 0.98, 1.2, 1.6, and 2.2 pum are clearly scen. Curve 2 of Fig.
3 shows a spectrum obtaincd by ratiolng an AVIRIS spectrum (Specl) over the wet bright white area in the upper
part of Fig. 4a against an AVIRIS spectrum (Spec2) over a drier area just Ieft of the wet white arca. The same sei of
liquid water features are also obvious. Curve 3 shows a spectrum obtained by ratioing the Spec2 against an AVIRIS
spectrum (Spec3) over a higher hill arca. Atmospheric water vapor featurcs ncar 0.94 and 1.14 pum arc seen, This
indicates that the lower clevation valley floor has more water vapor than the hill areas.

The spectral curve fitting technique described by Gao and Goetz (1990) was used o derive simultancously the
atmosphesic column water vapor amount and the equivalent liquid water thickness of the sucface {rom the AVIRIS
data. In this technique, the atmospheric water vapor transmittances were calculated with a narrow-band model and the
liquid water transmittances were calculated using the liquid water absorption cocfficients compiled by Palmer and
Williams (1974). Fig. 6a shows the curve fitting of Specl by including only atmospheric water vapor absorptions
in the fitting process. The fitted spectrum has larger values of reflectance than the observed spectrum near 1.2 pum.
The overall fitting between the two spectra is poor. Fig. 6b shows the curve fitting by including both the water
vapor and the liquid water absorptions in the fitting process. Significant improvement in the overall fit is achicved.

Figures 7a and 7b show the column water vapor image and the liguid water image derived from the AVIRIS
data. The water vapor amounts over the hills are smaller than those over the valley floor. This is due 1o the
decrcasing atmospheric water vapor concentration with altitude, The slighdy smaller water vapor amounts near the
upper left corner of Fig. 7a than those over the ncarby valley floor can also be atiributed to the topographic cffcct.
The liquid water image in Fig. 7b shows clearly the drainage patierns. Based on the topographic map of Fig. 4b,
liquid waler will flow from the hills on the right side and from the arca near the upper left comer into the valley
floor after rain. Also, because the southem portion of the valley floor has slighuly lower clevations than the
northem portion of the valley floor, the liquid water will further flow from top Lo bottom. A road traversing the
valley in the upper part of Fig. 4a is slightly elevatcd and has acted as a dam, blocking the naturat flow of waltcr
from the upper valley to the lower valley and causing more white salt to be deposited in areas north of the road. The
long narrow drainage pattem (Fig. 7b) below the road indicatcs that the pipe beneath the road allows the water lo
flow from the northern to the southern portions of the valley floor, The liquid water thicknesses within the drainage
patterns vary between approximately 0.04 and 0.46 cm. Arcas having large amounts of whitc salt deposits tend 1o
have larger liquid water thickncsses, This may be a true indication of the wetness of the salis. Field obscrvations
showed that the white salt arcas arc wetier than nearby areas not covercd by the white salts. On the other hand, the
solar radiation ncar 1 jim can penctrate deeper into the while salt than other materials. This can also effectively
increase the liquid water thickncsses over the white salt areas.

By comparing Figures 7a and 7b, it can be seen that over the valley floor the areas with more liquid water
scem 10 have more atmospheric water vapor. This is most evident over the (wo large arcas having while salt
deposits (one in the upper part of the scene and one in the lower part of the scenc). Therefore, the spatial varialion
in atmospheric water vapor may be related 10 the evaporation of surface liquid water. The spatial variation of
column water vapor amounts over the vatley can not be attributed to the topography because the valley floor is
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relatively flat with clevation differences of 12 m or Iess. In the future, we plan to make further studies of the
corrclations among water vapor, surface liquid waler, topography, and mineralogy.

1V. Summary and Conclusions

We comparcd PWV soundings {rom the three separate remote sensing systems: Optical, VAS, and microwave
radiometers. The microwave measurements were also compared with soundings from both NWS and CLASS
radiosondes. The microwave and optical measurements agreed 10 within 1 mm, and the comparisons with the
radiosondes were also either good or explainable. Gradient structures of water vapor are obscrved in both PWV
imagcs derived from AVIRIS and VAS data, Because of its large field of view, VAS has difficulties in resolving
small scale features near sharp discontinuities caused by terrain. Each of the techniques can provide complementary
information of PWV, The optical technique provides column water vapor amounts during clear conditions at a
precision better than 1 mm and at high spatial resolution. The microwave radiomeler provides nearly continuous
data during both clcar and cloudy conditions; but only at a limited set of locations. The column water vapor
amounts derived from microwave radiomeler data can be used to quantitatively adjust satcllite PWV images provided
by the VAS sounder (Birkenhcuer, 1991). Because of the good horizontal resolution provided by the optical
technique, optical soundings could provide significant insight into horizontal transport of water vapor. Such
soundings could also be useful for GOES VAS verification.

The column waler vapor amounts derived from AVIRIS data over Death Valley decrease with increasing
surface elevation. The liquid water image shows surface drainage patterns. The spatial variations in atmospheric
walter vapor over the valley may be related 1o the evaporation of surface liquid water. The distribution of mineral
deposits over the valley may also be related to the surface drainage patterns.

Aumospheric water vapor is a very complex, highly mobile species and we have a long way to go to fully
understand and analyze this variable.
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Fig. 1. An example of curve fitting of spectra. The top plot shows the observed spectrum (solid line) and the
ff:l:tt:g spectrum (dashed line). The bottom plot shows the percentage differences between the observed and the
itied spectra.
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Fig. 5. A reflectance spectrum (multiplied by 5) of a wet sample collected from the field and two ratioed spectra
from the AVIRIS data. See text for descriptions of the ratioed spectra.
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Fig. 6. Curve fitting of an AVIRIS spectrum over a bright, wet salt area. The top plot_ shows the observed
spectrum (solid line) and the fitted spectrum (dashed line). Only the water vapor absorption is included in the
fitting process. The bottom plot is similar to the top plot, except that both the water vapor and the liquid water
absorptions are included in the fitting process. .
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